The u-and d-quark contributions to the elastic nucleon electromagnetic form factors have been determined using experimental data on
Electron-nucleon scattering has been extensively studied in two cases. The first case is in elastic scattering which is characterized by the electromagnetic form factors [1] . The second case is in deep inelastic scattering (DIS) characterized by the structure functions which exhibit Bjorken scaling [2] . The study of the proton form factors in elastic scattering by Hofstadter et al. provided some of the first information on the size of the proton and the distribution of charge and magnetization [3] . Deep inelastic scattering resulted in the discovery of quarks at the Stanford Linear Accelerator Center (SLAC) [4] , and also taught us about the nucleon's spin structure [5] . Elastic and deep inelastic scattering provide complementary information: elastic scattering reveals features of transverse structure, and DIS provides information regarding the longitudinal momentum distributions of the quarks. Taken together, elastic and the deep inelastic scattering can both be understood within the broader framework of generalized parton distributions which facilitate a tomographic picture of the nucleon [6] .
Experimental data on the proton Dirac form factor F p 1 [7] have been found to be in fair agreement with a scaling prediction based on perturbative QCD (pQCD), F p 1 ∝ Q −4 [8] , where Q 2 is the negative four-momentum transfer squared. However, it has been argued that pQCD is not applicable for exclusive processes at experimentally accessible values of momentum transfer [9] . Indeed, experimental results from Thomas Jefferson Laboratory (JLab) [10] for the ratio of the proton Pauli form factor F p 2 and the Dirac form factor F p 1 have been found to be in disagreement with the suggested scaling
. These same data, however, are in reasonable agreement with an updated pQCD prediction
Here Λ is a soft scale parameter related to the size of the nucleon. The prediction has the important feature that it includes components of the quark wave function with nonzero orbital angular momentum.
In view of these facts it is of significant interest to look for the origin of the observed Q 2 -dependence of F p 2 /F p 1 . We report here on the flavor-separated form factors for the up and down quarks up to Q 2 = 3.4 GeV 2 . When considering the ratio F 2 /F 1 for the d and u-quark contributions to the nucleon form factors, we find their Q 2 dependencies to be surprisingly constant. However, when combined in the proton form factors, they give the appearance of the onset of scaling. It is interesting to note that the authors of [11] did not expect the asymptotic predictions for the form factors to work at a few GeV 2 and considered that " ... the observed consistency might be a sign of precocious scaling as a consequence of delicate cancellations in the ratio".
In the one-photon exchange approximation, the amplitude for electron-nucleon elastic scattering can be written
, where α is the fine structure constant, l µ = eγ µ e is the leptonic vector current, and
is the hadronic matrix element of the electromagnetic current operators for the proton (neutron). Here, the neglect of heavier quarks in this context is supported by experimental data on parity non-conserving polarized electron scattering from the proton [12] . While we can not evaluate the matrix elements of uγ µ u and dγ µ d explicitly, from symmetry considerations we know that the matrix element shown in Eq. 1 must have the form (considering the proton for definiteness)
where p(k) and p(k ) are the proton Dirac spinors for the initial and final momenta k and k , respectively. The definition of the neutron form factors
The JLab data for 2 . The upper panel shows Sp for the proton and Sn for the neutron using data from Refs. [13] [14] [15] [16] [17] [18] , as well as the curves of the prediction [11] :
for Λ=300 MeV which is normalized to the data at 2.5 GeV 2 . The bottom panel shows the individual flavor quantities Su and S d for the u and d quarks, respectively.
for the neutron up to Q 2 =3.4 GeV 2 were recently published by Riordan et al. [13] . For the first time, it is possible to examine the behavior of the neutron ratio F n 2 /F n 1 in the same Q 2 range as that where the interesting behavior was first seen for the proton [10] . Using the data of Riordan et al. as well as those of Refs. [14] [15] [16] [17] [18] , we also show in Fig. 1 
Scaling of S n is clearly not evident at the lower Q 2 values shown, although the data do not rule out this type of behavior at a moderately higher Q 2 . Thus far, by discussing F
we are explicitly examining the behavior of the matrix element of the electromagnetic operators ( , and construct form factors corresponding to the matrix elements of uγ µ u and dγ µ d individually [19] . Here we use the relations
In what follows, we use the convention that F Having defined the flavor-separated Dirac and Pauli form factors, we can also define the quantities
, which we have plotted in the bottom panel of Fig. 1 . Each individual data point corresponds to an experimental result on G n E /G n M from Refs. [13] [14] [15] [16] [17] [18] . Only the uncertainties in the ratio G [20] ) are known to much higher accuracy, albeit dependent on the particular parameterization chosen. The behavior we see is completely different from that of the proton and the neutron. There is a striking lack of saturation, and indeed the variation of S u and S d with Q 2 appears to be quite linear. It is interesting also that the slope associated with the d quark is about six times larger than that of the u quark. When we consider the matrix elements of uγ µ u and dγ µ d individually, the relationship between the Pauli and the Dirac amplitudes is quite different from when we consider the sum of the amplitudes that results in the full hadronic matrix element (Eq. 2).
While it is instructive to plot S u and S d so that we can compare them directly with the widely discussed S p for the proton, the inclusion of the factor of Q 2 masks the detailed behavior as Q 2 approaches zero. We thus plot in the top two panels of Fig. 2 the quantities κ
Here, a second aspect of the behavior of the flavor decomposed form factors appears that is quite intriguing. These ratios are relatively constant for Q 2 greater than ∼ 1 GeV 2 , but have a more complex behavior for lower values of Q 2 . This might be interpreted as a transition between a region where the virtual photon coupling to the three-quark component in the wave function dominates (higher Q 2 ) and a region where the inclusion of a coupling to a five-quark component is essential (lower Q 2 ). We note also that the ratio F 2 /F 1 for the proton does not show a different behavior above and below 1 GeV 2 as one can see in the bottom panel of Fig. 2 . The calculation of the form factors in a relativistic constituent quark model (RCQM) [21] (shown by the blue curves in Fig. 2 ) deviates considerably from the data which illustrates the discriminating power of the flavor separated form factors. The empirical Kelly fit (which predates Ref. [13] ), corresponds to the black curves, and is in reasonable agreement with the data, particularly at lower Q 2 . 
The data and curves are described in the text.
The form factors F Table I . Up to Q 2 ≈ 1 GeV 2 there is a constant scaling factor of ∼2.5 for F 1 and ∼0.75 for F 2 , between the u-and become constant in contrast to the u-quark contributions which continue to rise. These experimental results are in qualitative agreement with the predictions for the moments of the generalized parton distributions reported in Ref. [22] . It is interesting to note that the d-contributions correspond to the flavor that is represented singly in the proton, whereas the u-contributions correspond to the flavor for which there are two quarks. In the framework of Dyson-Schwinger equation calculations, the reduction of the ratios
2 is related to diquark degrees of freedom [23] . The reduction of these ratios has the immediate consequence that S p has its observed shape despite the fact that S u and S d are almost linear with Q 2 .
Another representation of the Dirac form factor is the infinite momentum frame density, ρ D , given by the ex-
, where J 0 is the zeroth order Bessel function and b is the impact parameter. The faster drop off of the d-quark form factors in Fig. 3 implies that the u quarks have a significantly tighter distribution than the d quarks in impactparameter space, as was noticed in Ref. [25] .
In summary, we have performed a flavor separation of the elastic electromagnetic form factors of the nucleon. We find that for large Q 2 the d-quark contributions to both proton form factors are reduced relative to the u-quark contributions. We find also that the Q 2 -dependencies of the flavor-decomposed quantities S u and S d are relatively linear in contrast to the more complicated behavior of S p and S n . This linearity is due to the fact, as yet unexplained, that the ratios F 
